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Previous attempts to passivate the n-type (WO)GaAs surface have significantly reduced only 
the surface recombination centers, but not the surface acceptors which pin the Fermi 
level. Here we show that a 100 A molecular beam epitaxial layer grown at 200 °C reduces the 
effective surface potential energy - e¢s from 0.70 to 0.17 eV, nearly eliminates light 
sensitivity, and permits nonalloyed ohmic contacts. After a 10 min, 450°C anneal, - e<ps 
increases only to 0.22 eV. 
The pinning of the Fermi level by surface acceptors 
near Ec- 0.7 eV in (100) n-type GaAs exposed to air has 
restricted GaAs device technology in many important 
ways. For example, Schottky barrier heights cannot be 
controlled by the choice of metal, and ohmic contacts re-
quire a highly doped n -t region to promote tunneling 
through the 0.7 e V barrier. I Furthermore, the depletion of 
free carriers due to these acceptors increases source resis-
tance in metal-semiconductor field-effect transistors 
(MESFETs), an important limitation of transconductance 
gm.2,3 Besides the surface acceptors, however, there can 
also be surface traps and recombination centers, which 
may be the same or totally different species. The traps lead 
to light sensitivity, sidegating, and frequency dispersion of 
gm,4 while the recombination centers affect minority-
carrier devices, such as heterojunction bipolar transistors 
(HBTs), detectors, and solar cells. In short, it would be 
advantageous to have perfect passivation of the ,Hype 
GaAs surface, i.e., to eliminate all acceptors, traps, and 
recombination centers. Unfortunately, such passiva.tion 
has never been accomplished, in spite of a large volume of 
effort in this direction. The greatest success has occurred in 
the control of recombination centers by photochemical ox-
idationS and treatments with Na2S, (NR,hS, and similar 
compounds. 6,7 However, besides being somewhat unstable 
in time and temperature, these treatments also do not pas-
sivate the surface acceptors, so that E F remains pinned 
near midgap.8-1O The only recent reports, to our knowl-
edge, that suggest a reduction of E F to the 0.1-0.2 e V level 
rely on a complicated analysis of Raman spectra, which is 
an unproven technique for these purposes, and which of 
course involves a light-irradiated surface. 1I •l2 In one of 
these reports, involving a plasma-deposited polymer, C- V 
measurements suggest that the barrier height is about 0,3 
V, somewhat higher than the Raman result, but again, the 
C- Vexperiment requires modification of the surface, in this 
case with a metal. 12 Thus, we believe that few if any ex-
periments up to now have unambiguously demonstrated a 
reduction of the surface band bending to the 0.1-0.2 e V 
range, in spite of dear demonstrations of recombination 
center reduction. In this work, we use the Hall effect to 
show that a 100 A molecular beam epitaxial (MBE) layer 
grown at 200 °C on top of a (100) n-type GaAs layer 
reduces the surface potential from 0.70 to 0.17 e V in the 
dark, and to 0.22 eV after annealing at 450°C. Further-
more, the light sensitivity is nearly eliminated, and depos-
ited metals are ohmic without annealing. The advantage of 
the Hall effect in surface studies is that the surface itself is 
unaltered during the experiment, either with electromag-
netic irradiation or foreign substances such as a metal. 13 
The samples were grown on quarter-wafer, semi-
insulating (SI) GaAs substrates in a Varian 360 system 
with a solid As source and an AS4/Ga beam equivalent 
pressure ratio of 20. After oxide desorption at 580°C, the 
substrate was annealed at 600 °C in an AS4 fiux for 5 min, 
then cooled to 580°C before commencement of growth. 
Layers 0.25 Ilm thick, with n = 1.63 X 1017 cm- 3 (see be-
low), were grown at a rate of 1 ,umlh on both the control 
sample and the capped sample. Both samples were then 
cooled in about 15 min to 200 "C with the Ga shuttered off 
but the As flux remaining. At this point, one of the samples 
was also exposed to the Ga beam, and 100 A of GaAs was 
grown at 200°C. All other conditions, such as the growth 
rate and beam equivalent pressure ratio, were the same. 
The samples were then cooled to room temperature and 
removed. Small, 7 mm X 7 mm squares were cut at equiv-
alent positions on the two quarter wafers for 296 K Han-
van der Pauw measurements. The sheet Hall concentra-
tions ns-I1all are given in Table I for both the control sample 
and the capped sample, as well as for other uncapped sam-
ples grown previously for surface and interface depletion 
studies. The Hall r factor is known to be close to unity 
(about 1.02) for these concentrations,13 and thus was ig-
nored. As can be seen, the capped sample showed an ap-
preciably higher sheet Hall concentration which, as will be 
shown below, was due to decreased surface depletion of the 
free carriers, resulting from a reduced surface potentiaL To 
check reproducibility, two other Hall samples were cut 
from the control and capped wafers, respectively; the val-
ues of n,-Hall differed by less than 1 % from those of the first 
samples. As a further check, another capped and another 
control wafer were grown in a second MBE system 
(Varian Gen II). Again, results were essentially the same. 
The sheet carrier concentration in a thin semiconduc~ 
tor layer can be written 
(1) 
2570 Appi. Phys. Lett. 57 (24),10 December 1990 0003-6951/90/502570-03$02,00 @ 1990 American Institute of Physics 2570 










(lOn em - l) 
(N D ~~ NA)<i 
(1017 cm -l) 
Previous 
G2-536 0.25 1.44 0.70 1.66 
G2-537 0.50 5.59 0.70 1.66 
G2-538 1.00 13.80 0.70 1.65 
G2-539 2.00 30.50 0.70 1.66 
G2-906 0.25 3.20 0.70 2.67 
G2-907 0.50 9.77 0.70 2.66 
G2-90g 1.00 22.S7 D.70 2.63 
Control 
M-K58 0.25 1.40 0.70 1.63" 
(light) 1.82 0.29 1.63f 
Capped 
M-K57 0.25 2Jl9 O.17 1.63f 
(light) 2.22 0.12 1.63f 
"Growth rate measured by RREED oscillations. 
bMeasured by Hall effect. 
"Value neeessary to get computed (ND - 1'(.). 
dDctermined from n\ vs d plot, if available. 
eCalculated value if- e¢s = 0.7 eV. 








where d is the metallurgical thickness and Ws and Wi are the 
surface and interface depletion widths, respectively. By 
growing samples with different thicknesses d, and plotting 
ns vs d, it is possible to determine (ND - N A ) and (ws 
+ Wi)' This experiment has recently been carried out for 
two sets of MBE samples grown directly on SI GaAs sub-
strates and having no caps.13 The first group of four sam-
ples in Table I is well fitted with 
(ND - N A ) = 1.66 X 10
17 cm- 3, and the second, with 
(N D - Nil.) = 2.62 X 1017 em - 3. These are the true values 
of (N D - N A), Le., fully corrected for depletionY If we 
now assume that the Fermi energy at the surface is pinned 
at - e¢s (a positive number), and at the interface, 
- e¢b then 




kT) lI2] + ( - ¢i + ¢ch - --;;- (2) 
in the depletion approximation. Note that there is an as-
sumption here that the depletion in the interface region is 
funy accommodated by interface states rather than sub-
strate acceptor states, but this assumption seems to be fully 
justified for MBE GaAs grown directly on a SI substrate. 13 
The channel potential CPch' i.e., the potential in the neutral 
region, is given to a good approxi.mation by14 
¢;l=~-~-ln- r::: . kT( Nc CND-N
A ») 
Cl e (Nv-NA ) 'lj8Nc 
(3) 
Thus, Eqs. (1)-(3) can be fitted to the lis vs d data with 
parameters ¢;'" ¢b and (N D - N A). The consensus in the 
literature seems to be that ¢, = - 0.7 V ( - e¢s = 0.7 
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eV).15 With this value of CPs, the seven samples in Table I, 
grown for the two earlier tls vs d studies, are well fitted with 
cPi = - 0.95 V. [Note from Eq. (2) that other combina-
tions of CPs and ¢i. e.g., ¢s = ¢i = - 0.82 V, would deter-
mine (ws + Wi) equally well, but we are taking ¢;s from the 
literature. This point is not too important, since we are 
looking for changes in ¢,.j 
If we accept the fact that the values ¢s = - 0.7 V and 
4;, = - 0.95 V are a good predictor of the true (N D 
':" NA ) for MBE layers grown directly on a SI substrate, 
then we can apply Eqs. (1 )-( 3) to our control sample 
M-K58, to determine eN]) - N A ) = 1.63 X 1017 cm - 3. 
The same value of (N D - N A) must be true for the capped 
sample, M-K57, since it differs only by having the 100 A 
cap. Also, it is known from detailed photo-Hall studies of 
samples G2-536 through G2-539 (Table I) that white light 
(at least up to 10 mW/cm2 ) does not affect the volume 
carrier concentration, but only the surface depletion. Thus, 
knowing (Nl) - N A) and ¢i we can solve Eqs. (1 )-(3) for 
the CPs of M-K58 in the light, and that of M-K57 in the 
dark and light. The results are given in Table I and clearly 
show that - e¢s is greatly reduced by the LT-MBE cap, 
from 0.70 to 0.17 eV. Numerically, the surface charge is 
p 1 12 I 2 F th reduced from L2 X 10 - to 0.5 X 0 e cm. or e 
capped sample, - eqys is an effective surface potential en-
ergy, because the "surface" in this case includes the airl 
cap interface, the 100 A cap, and the caplconductive-layer 
(c/c) interface. To the extent that the clc interface, or 
bulk acceptors in the cap, absorb part of the 0.5 X 1012 
em - 2 electrons, the true - e¢s is even smaller. 
Another indication that the surface states are greatly 
diminished is the decreased sensitivity to light. That is, in 
the control sample, - e¢s is reduced from 0.70 to 0.29 eV 
in 10 mW Icm2 white light, wherea<; in the capped sample, 
the reduction is only from 0.17 to 0.12 e V. 
A third strong indication of Fermi level unpinning is 
the fact that the In contacts, put on the capped sample 
with a regular soldering iron, were immediately ohmic, 
without alloying. This was not true for the control sample, 
nor for any of the other samples in Table I, nor for any 
other conductive GaAs sample that we have measured in 
our laboratory. In fact, M-K58 couid not be measured at 
all without annealing the contacts at 350°C. Experiments 
to determine the exact specific contact resistivity of the 
nonaUoyed ohmic contacts are in progress. 
So far, we have dealt only with the surface acceptor 
states. We can also study changes in the surface recombi-
nation centers by comparing photoluminescence (PL) 
data. The initial PL data on M-K57 and M-K58 did not 
show any dear differences; however, further studies win be 
carried out. The lack of a strong enhancement in PL in-
tensity is different from what has been observed in samples 
which had surfaces treated with sulfides, polymers, photo-
chemical oxidation, and photochemical HCl l6 
As with any passivation scheme, stability in time and 
temperature is an important consideration. In Fig. 1, we 
show - e¢s as a function of annealing temperature for 
both the control and capped samples. The annealing was 
carried out in a tube furnace with flowing N 2 gas and a 
look, Stutz, and Evans 2571 
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FIG. L Surface potential energy - e,p, as a function of annealing tem-
perature for the control and capped samples. Also, the effects of a strong 
white light are shown. 
GaAs proximity wafer on top. As can be seen, - e¢s as 
wen as the light sensitivity does not increase appreciably 
until 500°C. At 550 °C, both the control and capped sam-
ples appear to degrade considerably, in both the carrier 
concentration and mobility, but this is to be expected since 
the layers were grown at only 580°C. Thus, the e¢s results 
at 5S0 °C should not be considered as quantitatively cor-
rect. 
Although LT-MBE technology is relatively new, much 
is already understood about these layers. 17 Those grown il1 
our laboratory are about 2% As rich, and contain about 
3 X 1019 cm - 3 EL2-like donor centers (probably AsGa ), 
diminishing to about 3 X 10'8 cm - 3 after a 500 'c anneal. Ig 
The rest of the As (~1020 _1021 cm .. 3) evidently exists in 
small clusters, which coalesce into larger precipitates upon 
annealing above 400 0c.19~21 The acceptor concentration, 
probably consisting mostly of carbon, is small, about ]0'5 
cm - 3. The lattice constant is about 0,15 % larger than 
normal in the as-grown layers, but goes back to the usual 
value upon annealing.22,23 Although the as-grown layers 
are conductive (~10 n em), because of hopping conduc-
tion in the deep EL2-like band, the annealed layers are 
semi-insulating because the hopping conduction has 
greatly diminished and the dominant EL2-like centers are 
deep (~O.75 eV at T= 0).18 (Note that 100 A of 10 n cm 
material would not offer any significant parallel conduc-
tion.) The mechanism of passivation is not fully under-
stood at present, but it is clear from the present results that 
the conduction band cannot bend more than 0.1-0.2 e V at 
the conductive-layer/cap interface. Thus, there cannot be a 
high density of interface acceptor states there. Further-
more, there cannot be a high density of such states at the 
air/cap interface (the true surface), because those states 
are only 100 A away from the conductive layer, and could 
easily accommodate its electrons, FinaUy, the bulk cap ac-
ceptor density (109 em - 2) is negligible. At the air/cap 
interface, the high excess As concentration in the LT-MBE 
layer may stabilize the surface oxide, and prevent the 
2572 Appl. Phys. Lett., Vol. 57; No. 24, 10 December 1990 
AS20 3 component from breaking up and forming the sur-
face states. 24 These questions must await further study. 
In conclusion, we have unambiguously demonstrated 
that the Fermi level pinning in GaAs is greatly reduced by 
deposition of a thin, undoped GaAs MBE layer grown at 
200 "C. The effect is stable to at least 4S0 "C. These results 
offer interesting new possibilities for the technology of sev-
eral important GaAs devices. It should be noted that an-
other group has also recently studied depletion effects con-
nected with a L T -MBE GaAs cap, but has obtained 
somewhat different results.25 More work is needed to fully 
understand these phenomena. 
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